Summary: Caveolae are a specific plasmalemmal microdomain which appear as flask-like invaginations and/or vesicles attaching just beneath the plasmalemma. Caveolae are present in many cell types and are found in the Schwann cells that ensheath myelinated and unmyelinated nerve fibers of the peripheral nervous tissues. However, the precise distribution in the Schwann cell plasmalemma and the functional properties of these caveolae remains obscure. The present study revealed:
INTRODUCTION
Caveolae are known to be present in the plasmalemma of most cell types, and usually appear as deeply invaginated flasks in electron microscope images. Caveolae were first described by Yamada [1] , who reported the ultrastructure of caveolae in the epithelia of mucous membrane of mouse gall bladder as follows: "Occasionally thin-walled vesicle-like structures are seen in...the free surface of the epithelial cell. It is here proposed to speak of such a recess or pocket as a caveolae intracellularis, or intracellular cave, or pit:' Thereafter, this same cytoplasmic membrane structure was also discovered in smooth muscle cells and other tissues, and investigators became interested in the similarities between these "caveolae" and the so called "pinocytotic vesicles" which were described by Palade [2, 3] in the endothelial cytoplasmic membrane. "Pinocytotic vesicles" were at first supposed to engulf small pieces of proteins and/or the other water soluble substances and transfer them to the side of endothelial basal surface that is in contact with the connective tissue space. However, similar cave-like structures in the plasmalemma of smooth muscle cells had shown no apparent endocytotic activity [4] . So, after relatively complicated arguments about whether "caveolae" and "pinocytotic vesicles" were identical structures or not, a general consensus developed that "caveolae" is the most suitable nomenclature to indicate the flask-like invaginations of the plasmalemma, as distinct from other types of endocytotic vesicles which are coated with clathrin. Regarding their functional properties, caveolae were first recognized as the apparatus for clathrin-independent endocytotic and transcytotic pathways, and were later demonstrated to be involved in: (1) the uptake of small molecules such as folate into cells [5] , (2) In the present study, caveolae distribution in the Schwann cell plasmalemma, and the expression as well as the structure of caveola-related proteins were investigated in the sciatic nerves of mature rats. The mode of distribution of caveolae was studied by conventional TEM using thin sections and freeze-replica methods, and the localizations of caveolin-1, 2, and 3 were investigated by fluorescence microscopic-and electron microscopic immunohistochemistry. [ 14] .
Specimens were fixed with 4% paraformaldehyde and 0.1 % glutaraldehyde in PBS and incubated in 20% polyvinylpyrolidone and 3.5 M sucrose in PBS. Then, 70 nm frozen sections were mounted on EM grids, and reacted with antibodies (described above). This was followed by incubation with secondary antibodies (IgG) labeled with 10-15 nm colloidal gold. The dilution rates of the gold particle conjugates were as follows: 10nm colloidal gold (British Biocell International, Cardiff, UK) (1:100), 15 nm colloidal gold (British Biocell International) (1:100). The replica membranes demonstrated distinct caveolae distributed at the outer surface of the plasmalemma of the Schwann cells (Fig. 2) . The caveolae occasionally revealed a scattered appearance, but, for most part, seemed inclined to cluster along the thick portions of Schwann cell cytoplasm on myelinated nerves.
RESULTS

Transmission
Preliminary measurement of the incidence of plasmalemmal caveolae
The over-all statistical analysis of the mode of distribution of caveolae in the Schwann cell plasmalemma would require a large number of freezefractured replicas to clarify the two-dimensional spread of the caveolae on the outer surface of the plasmalemma. Researchers, including the present author, know that it is virtually impossible to prepare such replicated membranes since the freeze-fracture technique causes occasional cracking of the cell cytoplasm and consequently exposes only a restricted portion of the Schwann cell plasmalemma, which is wrapped three-dimensionally around the peripheral nerve fibers. Therefore, the present author proposed a different method, as follows. First, TEM photographs were taken showing typical standard crosssectional views of peripheral nerves within a clearly defined square, and the photos of individual myelinated and unmyelinated nerve fibers were enlarged. 1a. Schwann cell perikaryon of the myelinated nerve. 1b. Close up view of the plasmalemma of Schwann cell (the boxed area in Fig. 1a) . Caveolae are seen along with 3a. The number of caveolae seen in the Schwann cell plasmalemma of the individual nerve fibers. Inserted photograph shows the measured region in a representative section of the sciatic nerve. 3b. Caveolae/area ratio in the individual nerve fiber. Note that the unmyelinated nerve fibers possess far fewer caveolae than do the myelinated fibers. Next, the numbers of caveolae in the Schwann cell plasmalemma were counted under a reading glass. Clearly-recognizable coated vesicles or clathrinrelated vesicles were omitted from the measurements. By this means it was demonstrated that caveolae are preferentially distributed in the plasmalemma of Schwann cells of myelinated nerves (Figs. 3a,  3b, 4) , and also that they tend to be concentrated in the portion of the Schwann cell plasmalemma which covers the thick cytoplasmic section of the Schwann sheath (Fig. 4) (Figs. 5a, 5c) . Studies on the expression of caveolin 2 and 3 are shown in Fig. 8 and 9 . It is noted that the caveolin 2, 3 expressions are not immunohistochemically remarkable, although they are not negligible (Figs. 8, 9 ). In particular, specimens that reacted with anti-caveolin 3 demonstrated dotted reaction products along the outer surface of the Schwann cells of myelinated nerve fibers (Fig. 9) .
Immunohistochemical electron microscopy has shown the ultrastructural localization of the immunoreactive products against the 3 subtypes of caveolin (Figs. 10-12 ). The immunoreactivity for caveolin I was strongest and was commonly observed throughout the cross section of the spinal nerve fibers. In addition, the counterstaining of sections without the primary antibody revealed no reaction product around the Schwann cells under the electron microscope, and caveolin-1, 2, and 3 immunoreactivities were clearly confirmed in the caveolae of perineurial cells located around the nerve fiber bundles (Fig. 13) .
DISCUSSION
Although the structural relationships between axons and Schwann cells in the peripheral nervous system have been well defined by many light microscopic and electron microscopic studies carried out during the past hundred years, the roles of the sheath cells in the overall function of the peripheral nervous tissue has been less easy to clarify. The role of caveolae in Schwann cells has also remained obscure.
One theory suggests that the two subtypes of Schwann cells are distinguished by different modes of association with axons and also by the expression of other components [15, 16] . Schwann cells related to unmyelinated nerve fibers of spinal nerves usually provide ensheathment via membranous indentations on the surface of the Schwann cell, which typically provide residence for individual axons in separate troughs. Another subtype of Schwann cells are those that form a myelin sheath after coming into contact with axons in their developmental stage, and in case of remyelination. It has been recognized that axonal (Figs. 3, 4) . The present study has revealed a peculiar mode of localization of caveolae in the outer surface of the plasmalemma of Schwann cells. The relatively rich distribution of caveolae of Schwann cells in the myelinated nerve fibers compared to that of unmyelinated nerves suggests that these caveolae in the Schwann cells of myelinated nerve fibers might be essential to maintain the structure and functions of the myelinated nerves.
The present study showed that the caveolae of Schwann cells of the peripheral nervous system possess caveolin-l, 2, and 3 at the vesicular membrane, although expression of the latter two was relatively low.
Regarding the expression pattern of caveolin subtypes, the following findings have been reported: Caveolin-1 was the first member of the caveolin family of proteins to be characterized. It is known to be present in most cell types, but is especially abundant in epithelial cells, fibroblasts, type 1 pneumocytes, adipocytes, and smooth muscle cells [19] [20] [21] . Mikol et al. [22] were the first who described caveolin-1 expression in the Schwann cell of the rat sciatic nerve. Caveolin-2 is usually expressed in company with caveolin-1 [23], whereas caveolin-3 is considered muscle specific [24, 25] . The role of caveolin-3 is largely analogous to that of caveolin-1 in non-muscle cells. The coexpression of caveolin-1 and caveolin-2 is thought to cause more efficient formation of deep caveolae than caveolin-1 alone [26] . The colocalization of caveolin-2 with caveolin-3 in cardiomyocytes was reported by several authors [27, 28] .
What might we speculate with regard to the functional role of caveolar formation and caveolin expressions in Schwann cells? The more intense distribution of caveolae in the Schwann cell perikarya, which was clarified in the present study, suggests a role in signal transduction processes rather than in the uptake and transcytosis of low molecular substances. Mikol et al. [22, 29] have reported that Schwann cell caveolin-1 expression increases during myelinatinn and decreases after axotomy, indicating that caveolin-1 plays a role in the biology of myelinating Schwann cells. As a result, there are firm grounds for suggesting that caveolin-1 and 2 in Schwann cells may serve as ion channels in signal transduction processes [30] [31] [32] [33] , may be involved in neurotrophic factor expression or cholesterol transport, may function as reserves for myelinating activity, and may play a role in the efficient formation of deep caveolar structure. However, the significance of caveolin-3 co-expression together with caveolin 1 and 2 in Schwann cells remains completely obscure.
This unique expression pattern of caveolin-1, -2, and -3 within the same Schwann cell may indicate some particular activity specific to Schwann cell caveolae.
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